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I. SUMMARY

Flow within the thrust chamber of an MPD arcjet is examined experimentally and
modeled with a two-dimensional MHD code. Two quasi-steady MPD thrusters are
considered under the same input conditions of current (21 kA) and total mass flow rate
(6x1073 kg/s, argon + 1.5% hydrogen). The arcjets have the same basic design, consisting
of a central cathode, 3.8 cm diameter and 5 cm long, separated from a coaxial anode of
equal length by a uniform gap of 2.3 cm. Two different mass injection arrangements are
used (100% at mid-radius, and 50% at the cathode base, with the remainder at mid-
radius). A new spectroscopic analysis procedure is developed that allows distributions of
radial speed, heavy-particle temperature and turbulent speed to be extracted from chordal
measurements of light emission by the two species in the plasma flow. Good qualitative
(and reasonable quantitative) agreement exists with distributions calculated by the MHD
code, indicating that flwo within the thrust chamber expands from an electromagnetically-
pumped plasma base (vs a pumped jet off the cathode tip). The significant variation of
internal flow dynamice with mass injector arrangement implies the need for extensive
experimentally-validated code modeling in order to evaluate the potential performance of
MPD thrusters.




RDA-TR-144200-003 August 1990

II. INTRODUCTION

For the last twenty-five years, there has been continued interest in the so-called
magnetoplasmadynamic (MPD) arcjet. Operation of an arcjet in the MPD mode was
discovered by A. Ducati in the course of research on arcjet performance in which he
lowered the input mass flow rate to the thrust chamber and found that a relatively benign
discharge condition could be achieved.! Rather than leading to higher chamber
temperatures with increased erosion of the electrodes the reduction in mass flow provided
increased lifetime, higher specific impulse, and (for hydrogen, at least) higher efficiency.
These improvements were accomplished in a device that retained the simplicity of conven-
tional arcjets in regard to construction, parts-count, and power supply requirements.
Subsequent studies extended operation to propellants other than hydrogen, and included
various arrangements of auxiliary magnetic fields, and electrode geometries.z'6 MPD
arcjet became a general appellation for devices ranging from steady conventional arcjets
(operating at higher current and/or lower mass flow rate than thermal arcjets), pulsed high
current discharges (descended from plasma-pinch engines), and cross-field Hall accelerator
arrangements (e.g. see comments by Jahn in ref. 7). Along with the broadening of the
MPD arcjet category (which at best might recognize a commonality of physical mecha-
nisms or concems) came a profusion of theoretical models and experimental data, which
were often consistent within individual devices, but in conflict when applied across the
entire class of thrusters. The difficulty of probing within the small (~ few mm) chamber
dimensions of steady-state devices, and the need to identify thruster arrangements/regimes
with attractive performance values has involved a concentration on terminal
measurements, such as current, voltage, and thrust. Detailed diagnosis of the structure of
the discharge and flow within the thrust chamber has been attempted only in the higher
power (~ megawatt) quasi-steady laboratory devices, and even then, only for a limited
range of operating conditions.3-14

The particular difficulties with understanding MPD arcjet performance in terms of
the actual thrust and energy transfer mechanisms within the arcjet chamber have been
twofold: an inability to monitor experimentally changes in flow structure with variation in

terminal conditions; and inability to mode! accurately the two-dimensional,

2
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electromagnetically-powered discharge flow. The present paper discusses recent progress
in overcoming these difficulties in terms of a new spectroscopic technique for obtaining
thrust chamber flow conditions, and the application of a two-dimensional MHD code

developed originally for pulsed, coaxial plasma gun modeling.15

. EXPERIMENTAL APPARATUS

A. Experimental Technique and Equipment

At the R&D Associates Washington Research Laboratory, the experimental facility
for the study of MPD arcjets uses a 6 meter long stainless steel vacuum tank with a 0.61
m inside diameter. The tank has two coaxial 35.6 cm diameter diagnostic ports for an
optically clear view through the test section. In addition, there is an electrical feed-
through port and two 8-inch diffusion pump ports at opposite ends of the tank that are
connected to two 2000 liters/sec diffusion pumps. The base vacuum of the system is of
the order of 1.5 x 10°® Torr.

Two MPD arcjet configurations have been used for the study of internal flow
dynamics: 1) all orifices at the mid-radius of the chamber backplate as shown in Figure
1; and 2) half the mass flow through orifices at mid-radius, and the remainder through
orifices opening to a circular groove surrounding the cathode base. The latter arrangement
was prompted by the apparent deposition of cathode material on the boron nitride
insulator after extended use of mid-radius-only injection. Both arcjet configurations has a
brass outer anode with a copper-tungsten alloy cathode. The inner electrode gap is 23
mm and the channel length is 50 mm. Argon with 1.5% hydrogen mixtures were feed to
the experiment via six optically triggered fast puff valves providing a quasi-steady mass
flow into the thrust chamber through choked orifices in the boron nitride backplate. The
fast puff valves had a rise time of approximately 4 msec to 90% peak flow with a flow
duration as determined by thc gas plenum (typically 8 msec). In both experimental
arrangements, the total mass flow was 6 x 10”3 kg/s.

The discharge is powered by a 400 kJ capacitor bank connected as an LC-ladder
network. At an initial voltage of 18 kV, approximately 45 kA can be delivered to the
experiment with a full width at half maximum (FWHM) of 0.88 msec; a simple change in

connection can provide ~90 kA with a FWHM of 0.44 msec. Voltage and current

3
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measurements are recorded with digital data acquisition equipment and analyzed with a
dedicated data analysis computer in an adjacent screen room.
B. Arcjet Operating Characteristics

Typical discharge current and terminal voltage (uncorrected for initial and final
inductive transients) are displayed vs time in Figures 2a & 2b for a charge on the
capacitor bank of 8 kV and a mass flow rate of 6 x 107 kg/s. Quasi-steady operation, as
indicated by these measurements, is obtained after about 150 ps and persists for about 550
ps with a discharge current plateau of approximately 21 kA and a voltage of 48 V. The
terminal voltage is monitored with a 1000:1 voltage probe with the signal to the screen
room via a optical data link. The high frequency noise on the terminal voltage waveform
is a ccnsequence of the optical data link receiver and does not reflect voltage fluctuations
at the arcjet.

The input power during the quasi-steady phase is therefore ~1 MW, which,
reasonably corresponds to high power, quasi-steady MPD arcjet operation studied by other
groups for many years.lz'14 Based on such studies, plasma speeds on the order of 10* mys
are expected. Such speeds would provide Doppler shifts/widths, AA/A = u/c = 3.3 x 10,
or AA = 0.014 nm (for the AR II line at 434.8 nm). For sufficient dispersion by a
spectrograph, in combination with electronic amplification of the observed light intensity,
non-intrusive measurement of heavy-particle speeds should be possible. Furthermore, it
should be possible to sample entire sections of the arcjet flow field in a single test st -t by
employing a two-dimensional detector array.

C. Spectroscopic System

For spectroscopic analysis of the entire flow field, a digital spectral and spatial
data acquisition system has been developed at the RDA Washington Research Laboratory
in a cooperative program with a group at the Massachusetts Institute of Technology“.
The system, displayed schematically in Figure 3, is comprised of a 1.2 meter, f/11.5
spectrograph with a EG&G/PARC silicon intensified optical multichannel analyzer (OMA-
SIT camera). The OMA-SIT is a two-dimensional (500 x 500) sensor array that can be
gated on and off with a pulse width down to 40 ns. The spectroscopic system with input
optics is mounted on an optical bench adjacent to the experiment.

In order to make measurements within the arcjet thrust chamber, a series of four

slits were machined symmetrically in the outer conductor 1.6mm wide at a position

4
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22.7mm from the insulator. By aligning the spectrograph slit perpendicular to the axis of
symmetry of the MPD accelerator simultaneous chordal views can be sampled through the
slit in the outer conductor. This light is then dispersed spectrally onto the two-
dimensional sensor array of the OMA-SIT camera thereby providing intensity information
as a function of wavelength and position along the slit.

The spectral and spatial output from the camera is processed by an IBM System
9000 Iaboratory computer for immediate background subtraction and signal averaging.
Each data acquisition in normal operation is comprised of 62.5 kbytes of wavelength
versus position versus intensity data. Software permits the spectrum at any slit position
(i.e. chordal position) to be displayed and manipulated. In particular, corrections for
systematic errors and noise can be incorporated directly, prior to attempting analysis of
line shape (at a given slit position) or intensity vs position (at a given wavelength). The
prescnt data collection configuration yields a wavelength resolution of 0.00113 nm/pixel in

3rd order at 434.8 nm with a spatial resolution at the experiment of 0.25 mm/pixel.

IV. EXPERIMENTAL RESULTS

A. Inter-electrode Current Distribution

In addition to the spectroscopic diagnostic systems, magnetic probes (integrating
the local dB/dt) are used to delineate the discharge structure within the thrust chamber.
Two magnetic probes were used made of 20 turns of thin Cu wire with an effective
diameter of 1.2mm encased in sealed pyrex tubes 3mm diameter. The two magnetic
probes were mounted on an xy-translator with external positioning and with a positioning
accuracy of ~0.2mm. Current contours developed over repeated test firings are displayed
in Figures 4a and 4b for the two arrangements of mass injection, as indicated. Note that
the current distribution for the case with mass flow through orifices at the mid-radius
(Figure 4a) is basically retained within the arcjet thrust chamber, with less than 5% of the
total current beyond the exit plane. There were also clear indications that near the boron
nitride insulator the current distribution was perturbed in response to the entry of relative-
ly high density, low speed flow through the gas inlet ports. With half the mass flow
through orifices a1 mid-radius, and the remainder through an opening at the cathode base

(Figure 4b), more than 20% of the total current is beyond the exit plane. In addition, less
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radial j x B forces on the plasma near the cathode are apparent. Both arcjet designs
operating at 21 kA and 6x1073 kg/s had a measured terminal voltage of ~50 V.
B. Temperature of Argon lons and Hydrogen Atoms, and Electron Density

The spectroscopic system was used to determine the argon ion and hydrogen
particle temperature from a comparison of the observed emission profiles to Doppler-
broadened profiles. If the velocities of radiating systems of mass m have a thermal

distribution, then Doppler broadening results in a Gaussian line shape,

Dy - A

exp| -| ——

Vn Ahp Ap

where AAp = < vy, A fc, where < vy > = [2kT/m]" is the most probable velocity of the
emitters and €(r) is the local volume emission coefficient versus radius. The emission
profile for hydrogen is also affected by Stark broadening due to the presence of free
electrons. The observed emission profile for hydrogen will be (in the presence of Stark
and Doppler broadening) a convolution of the two line shapes and will be the well-known
Voigt profile. Analysis of the Lorentzian component can be used to determine the
electron density. Therefore, for measurement of the kinetic argon ion and hydrogen
temperature and the electron density requires accurate determination of the respective
emission profiles versus radius.

The intensity observed by the SIT-OMA from the arcjet is the integral across a
cord of observation. To obtain the emission profile &(r) of the arcjet plasmr, it was
necessary to unfold the observed intensity with a data unfolding technique. For an
axisymmetric discharge, it is reasonable to assume that a volume element at a radius r is
equivalent when observed at any chordal position and is therefore the same when viewed
from any angle assuming that the discharge is optically thin, then the observed intensity

across a cord for an axisymmetric geometry is given by:
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where y is the vertical distance from the axis to the cord of observation. With these
assumptions, a conventional Abel inversion data-unfolding technique can calculate the
emission coefficient versus radius r at each observed wavelength A. The Abel inversion
technique employed in the present analysis developed by Keefer et. al., utilizes a Fourier
transform technique and is effective with noisy data,'617

Time integrated line profile measurements were made through the slit in the outer
conductor of the arcjet with only mid-radius gas injection of the Arll 434.803 nm line and
the 696.28 nm lire of hydrogen (H,). With the system resolution, 94 radial data points
are taken per discharge. The Arll emission was recorded with the spectrograph in second
order and the system resolution was 0.002216 nm with a measured instrument profile that
was a Gaussian with a full with at half maximum (FWHM) of 0.01262 + 0.00045 nm.
The observed signal, which is the integral across the cord of observation, was spatially
filtered and also filtered versus wavelength with a low frequency bandpass with cutoff
frequencies as determined by the allowable spectral frequencies from the instrument
profile. The signal was then Abel-inverted at each observed wavelength to yicld the arcjet
emission coefficient versus radius. This produced line emission profiles versus radius that
was least squares fitted to a Gaussian profile at each observed radial position in order to
determine the argon ion temperature. Figure 5 shows the relative wavelength integrated
intensity versus radial position from the Abel inversion. Figure 6 shows a Gaussian fit to
the line emission profile at 13.6mm from the cathode with a corrected FWHM of 0.0189
+ 0.00066 nm. In general, excellent fits to Gaussian profiles were obtained at all radial
positions.

Line profile measurements were also made of the hydrogen H, emission at 696.28
nm. The observed intensity was filtered and Abel-inverted is the same manner as
described for the argon data to yield line emission profiles versus radius. As previously
stated, the observed line emission profiles were a convolution of Gaussian and Lorentzian
profiles (Voigt profile). A de-convolution technique using inverse Fourier transforms was

used to separate the line emission profile into the two compom:nts.m'19 No Lorentzian
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component could be deconvolved for radial positions between the cathode o within 10mm
of the anode. From the fit to the Lorentzian component, the electron density was
calculated using standard techniques for analysis of Stark broadened H emission. 202122
The results, shown in Figure 7, indicates electron densities of 1.5 - 4x1013 fem? for
regions near the anode. Over the region between the cathode and 13mm radially, the
electron density is less than approximately 1x10%3 fem?.

A fit to the Gaussian component of the deconvoluted hydrogen emission profile
using equation 1, indicates a particle temperature of ~0.5 eV, whereas, a fit to the Arll
emission at the same radial and axial position indicates a argon ion temperature of 13.6
eV. The two measurements are in sharp disagrecement indicative of the presence of gross
mass motion and microturbulence in the plasma.m'22 In order to estimate the extent to
which one would expect the hydrogen and argon ions to achieve the same temperature and
flow velocity in the experiments, the time for energy equipartition assuming classical

coulomb collisions only was calculated. From Spitzer, the equipartition time is, 23

)
5.87AA T
foe TS 3)

o S f
n;Z222ImA\A A

where, n; = density of field particle in cm'3,

A,A; = atomic masses of test and field particles [AMU],

Z,Z; = ionic charge,

InA = coulomb logarithm, and

T,T; = temperatures in OK.For particle densities inside the thrust chamber of
~10'3 /cm3, and electron temperature on the order of ~1 eV, then the equipartition time is
30 ns. At flow speeds of ~10* mys, the characteristic discharge length for equipartition is
then 8 ~0.3mm, which is less than the measurement window (2 1 mm). Therefore, the
hydrogen and argon are expected to be better coupled in velocity space than indicated
from particle temperatures calculated from the measured Gaussian emission profiles.
C. New Technique for Measurement of Speed, Turbulence, and Temperature

As discussed previously, the integrated light intensity accumulated along a succes-
sion of chordal views of an axisymmetric object is usually converted to an emission

intensity per unit volume distribution with respect to the cylindrical radius by means of
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the Abel inversion. This technique is quite reasonable in converting the total intensity
(over all wavelengths) from a function of position (perpendicular to both the svmmetry
axis and the chordal view) into a function of cylindrical radius. At any particular wave-
length, however, the contributions by emitters moving toward or away from the observer
along the chordal view depends on the angle of the view relative to the cylindrical radius.
That is, the Doppler shift of radiation at some point in the line profile appears for those
portions of the cylindrical distribution whose radial speed aligns with the chordal view.
For a chord that just grazes a particular cylindrical shell (in an azimuthally symmetric
distribution of intensity and velocity) the Doppler shift is negligible. The width of a
spectral line, however, will still have contributions due to random particle motions due
both to the plasma temperature (heavy-particle) and hydrodynamic turbulence. Figure 8
schematically illustrates the observation geometry for an axisymmetric flow and the
contributions to the observed intensity profile from an emission element at r’ from two
different chordal positions, y and y’. If there are velocity components from the volume
element dV along the line of sight that are due to radial plasma motion, then the observed
intensity at y and A from dV will be shifted to + A (v,sin 6)/c at y>. The volume element

emission coefficient will then be given by:

(4)
e(r,A) = chp - ° ¢

Vr Akp A,

where 0 is the angle from vertical to the velocity vector at r and y, and &(r) is the
integral of the local emission coefficient over all wavelengths. Therefore for an emitting
gas with radial velocity components, a standard Abel unfolding technique to solve for
€(r,A) would yield inaccurate emission profiles.

It is not possible to separate the effects of radial speed in the plane perpendicular
to the symmetric axis for arbitrary (albeit, axisymmetric) radial distributions of plasma
density, speed and temperature using direct Abel inversion of chordal data. Instead,
however, a new procedure can be followed in which Abel inversion of chordal path for
the total intensity of a line (integrated over all wavelengths) is first used to obtain the total

emission intensity as a function of radius, €(r). This distribution of total intensity then
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provides the amplitude factors for a succession of nested cylindrical annuli intercepted by
a chordal view. Each annulus contributes to the radiation received by the chordal view at
any wavelength in a manner that depends on th: emission profile in the annulus, and the
components of radial speed along the chord as determined by geometry. The outermost
annulus, however, is only grazed by a chordal view, so its contribution at any wavelength
is related only to the random plasma speed. Thus, the outermost annulus emission profile
will be observed to be centered around the true line center, A For the adjacent chordal
view (closer to the symmetry axis), contributions are received from the next inner annulus,
that is also observed with the apparent line center around A, with a emission profile a
function of random plasma speed at that radius just grazed by the chord, and the outer
annulus which has both a spread (due to the previously established random speed) and a
shift (on either side of the line center) associated with the component of radial speed
along the chord by plasma in this annulus. Two unknowns are, therefore, present at each
chord: the spread due to random motion for the annulus just grazed; and the shift due to
the component of radial speed in the next outboard annulus. Note that with the absolute
(total) emission intensity at each radius, €(r) is known using an Abel inversion technique
as previously described from wavelength integrated chordal intensity data. A two-
parameter, least-squares curve fit is performed in which two curves are added: a Gaussian
with the known emission &(r) and an unknown A)j; (but v,sin6 = 0) and a curve consist-
ing of two equal Gaussians with emission €(r’), widths AAL(r’), but unknown shifts (+/-)
about A = Ay, due to the unknown value of v (r’).

Application of this unfolding technique to the argon ion and hydrogen data for
mid-radius gas injection only was used to calculate the true emission profile versus radius
in the presence of radial velocity components and to yield a solution for v, versus radius.
Figure 9 shows the radial velocity component versus radius for this arcjet geometry with
mid-radius gas injection. The results indicate radial flow on the order of 10* my/s with a
peak speed of 1.25 x 10* my/s.

For a fully developed turbulence, the velocity distribution can be approximately
described by a Gaussian distribution.?*% If the thermal and turbulent velocity motions are
uncorrelated then the unfolded emission profile in the presence of turbulence will
represent the convolution of two Gaussian distributions, (one thermal and one turbulent)

and the parameter AL, is related to the thermal and turbulent components by,22

10
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A A %
AX% - {_f’. <v>tr]z + |2 2xT
c c \N m

where < v > is the mean turbulent velocity and T is the gas kinetic temperature. If two
constituents in the flow of different mass have a common temperature and a common
turbulent velocity component, then equation 5 gives a system of two equations that can be
solved for T and < v >, from the unfolded values of AL, versus radius.

Results of the analysis of the previously calculated emission profiles versus radius
for argon and hydrogen using equation S are shown in upper curve in Figure 10. This
calculation has indicated particle temperatures of ~0.5 eV in the midplane to anode region
with an ~50% rise in temperature toward the cathode. The hydrodynamic turbulent
velocity, (shown in the lower curve in Figure 10) shows a rise of nearly 300% from 1.5-
2.5 x 10° m/s in the midplane to anode region to about 7 x 10® m/s near the cathode.

As discussed previously, two MPD arcjet configurations were studied. A second
design for gas injection with 50% at mid-radius and 50% at the cathode base was
prompted by the apparent deposition in the original design of copper and tungsten on the
boron nitride insulator in regions near the cathode. The observed chordal emission
profiles with the new gas injection design were significantly less broadened than the
previous design. Therefore, time integrated measurements through the slit in the outer
conductor of the 434.8 nm argon ion line were made with the spectrograph in third order
providing an increase in wavelength resolution of 0.00113 nm/pixel. The measured
instrument profile had a FWHM of 0.0043 + 0.00012 nm. The new Abel inversion
technique was then used to analyze the observed 434.8 nm argon ion and hydrogen H,
intensity. These results are shown in Figures 11 and 12. The plasma in the thrust
chamber with the new gas injection design has radial velocity components on the order of
3 x 10° m/s with near zero velocity observed 12.5 to 17.5 mm from the cathode. These
measured radial speeds are approximately a factor of three less than observed in the
original arcjet design. Application of equation 5 to the corrected emission profiles for
argon ion and hydrogen emission indicates little or no detectable hydrodynamic turbulence

and particle temperatures on the order of 0.3 eV. However, the new design for gas

11
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injection causes the particle temperature to rapidly increase near the outer conductor to
~0.9 eV.

V. MHD CODE RESULTS

In addition to the experimental effort, a short series of numerical code simulations
of the MPD thrust chamber flow have been preformed to provide some initial indication
of flow field behavior, and also to evaluate the ability of the existing MACH2 computer
code'? to handle MPD arcjet problems. The MHD code MACH2 is a one-temperature,
single fluid code with three magnetic field components. It includes an Arbitrary-Lag-
rangian-Eulerian (ALE) mesh with adaptive grid control, perfect gas or tabular equations
of state, thermal and magnetic field diffusion, radiative emission, and the Hall effect. The
initial calculations were made with coarse zoning and gave reasonable agreement with the
experimental magnetic field measurements.

Figure 13-16 display results from the MACH2 code for conditions resembling
those of the experimental tests, in terms of electrode dimensions, total current, and total
mass flow rate. For simplicity in the limited effort available, the mass flow is injected
uniformly through the insulator backplate, and the cathode is truncated sharply at the
anode exit plane. The current contours shown in Fig. 13 resemble those for the first arcjet
(mid-radius only injection) in regard to the retention of current flow within the thrust
chamber. With uniform mass injection, there is no indication in the code results of an
inflection of the current streamlines at mid-radius.

At an axial position corresponding to the measurement station of the spectroscopic
studies, the single-temperature code computes a temperature that rise from about 1.4 to
2.8 eV in traversing from the anode to the cathode. While these values are significantly
higher than estimates from spectroscopic study of the first arcjet configuration, the
increase in temperaturc toward the cathode is similar. A decrease in particle density,
density values in the range of 10 cm™3, radially inward from the anode is also implied
by both the code and the earlier Stark broadening data. The velocity vectors shown in
Figure 16 have maximum computed values 3.5x10% m/s, for very low density flow in the
thruster exhaust. Within the thrust chamber itself, maximum total speeds are about
2.4x10* m/s, in the low density flow approximately one-third of the inter-electrode gap

12
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from the cathode surface.

The calculated flow field within the thrust chamber has the appearance of plasma
expanding from a relatively high pressure region near the cathode base, while constrained
to curve axially downstream under the influence of the electromagnetic forces in the
discharge. At the measurement station, this flow field would exhibit a maximum radial
speed at about 6.4 mm from the cathode surface, in good agreement with experimentally-
derived distribution. (The code calculation, however, indicate a radial speed at this
position of about 5 km/s, which is less than half of the spectroscopic results.) Close
comparison of computational and experimental results would require more extensive
modeling, and measurements at additional axial stations, in order to discern differences
that are due only to variances in exact geometry or location. A moderate amount of
further code development would also be useful to allow for nonequilibrium conditions,

(e.g., electron versus heavy-particle temperatures), and electrode boundary effects.
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V1. CONCLUSIONS

In order to understand and improve the performance characteristics of MPD arcjets, it
is necessary to determine the electromagnetic discharge and flow structures within the
thrust chamber and their relationship to the arcjet design and operating conditions. The
present research program has analyzed in detail two MPD thrust chambers by measure-
ment of the electromagnetic field distributions, particle densities and velocities in the
thrust chamber flow. A new technique was developed to unfold the emission distribution
and profile and to estimate thermal, radial and (in-plane) turbulent velocity components.
The results indicate that the plasma within the MPD arcjet with only mid-radius gas
injection has a strong radially-inward flow with a substantial increase in hydrodynamic
turbulence near the cathode. Analysis of a second MPD arcjet with 50% mid-radius gas
injection and 50% at the cathode center conductor indicates significantly reduced radial
velocities. In addition, the observed hydrodynamic turbulent velocities are reduced by a
factor of five along with significantly reduced kinetic temperatures in the chamber.

The measured radial mass flow and development of hydrodynamic turbulence
would have important consequences for thrust efficiency since shock and viscous losses
near the cathode surface would be expected. It may also be expected that the relative
strength of the radial (versus axial) flow can change significantly as the total current and
mass flow values are varied with fixed electrode configuration and injection geometry.
Such change in flow direction can substantially affect the MPD thruster performance for
reasons that cannot be inferred from simple scaling relationships based on electromagnetic
thrust and total mass flow. Examination of MPD performance by variation of operating
current and mass flow rate, (i.e., external parameters) with a fixed device geometry will
thus be an inaccurate procedure for assessing the potential of MPD thrusters. Instead, it
will be necessary to vary the arcjet geometry and/or mass-inlet ratios as the current is
changed. To guide the combination of geometry, current and mass flow toward an

optimum design, two-dimensional calculations are required.
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Figure 1. Schematic of MPD arcjet for study of MPD thrust chamber flow dynamics.
Gas injection is through 16 choked orifices at mid-radius in boron nitride

backplate.
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MPD arcjet operating characteristics: a) current delivered to the MPD arcjet has
a FWHM of 0.88 ms with a risetime of 0.1 ms. An initial charge of 8 kV on
the LC-ladder capacitor bank gives a current of approximately 21 kA; b)
terminal voltage at the arcjet (not corrected for inductive voltage transients)
attains a quasi-equilibrium value about 0.2 ms after current initiation.
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Figure 3. Basic layout of the MPD arcjet experiment. In the present experiments, the

line of sight is actually through slits in the outer electrode of the thruster.
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Figure 4. Current contours in the MPD arcjet operating at 21 kiloamps and 6 x 1073 kg/s;
a) for the case of mass injection only at mid-radius indicates that the current
does not fill the thrust chamber and has radial force components towards the
cathode center conductor, b) for the case of 50% mass injection near the
cathode base and 50% at mid-radius indicates more than 20% of the current
external to the thrust chamber with reduced radial force components.
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Application of new diagnostic technique in the study of the internal flow
dynamics of an MPD arcjet with a cathode center conductor and inner
electrode spacing of 2.3 cm for the case of mid-radius only mass injection

shows radial velocities on the order of 10 kmy/s.
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KeD_ THRUST CHAMBER FLOW DYNAMICS

P.J. Turchi, Ohio State University
J.F. Davis, R & D Associates, Inc.
N.F. Roderick, University of New Mexico

ABSTEACT

Flow within the thrust chamber of an
MPD arcjet i{s examined experimentally,
and modeled with a two-dimensional MHD
code. Two quasi-steady MPD thrusters are
considered under the same input condi-
tions of current (31 XA) and total mass
flow rate (6 x 107 kg/s, argon + J1.5%
hydrogen). The arcjets have the same
basic design, consisting of a central
cathode, 3.8 cm diam and 5 cm long,
separated from a coaxial anode of equal
length by a uniform gap of 2.3 cm. Two
different mass injection arrangements are
used (100% at mid-radius, and 50% at the
cathode base, with the remainder at mid-
radius). A new spectroscopic analysis
procedure is developed that allows dis-
tributions of radial speed, heavy-
particle temperature, and (in-plane)
turbulent speed to be extracted from
chordal measurements of light emission by
the two species in the plasma flow. Good
qualitative (and reasonable quantitative)
agreement exlsts with distiibutions cal-
culated by the MHD code, {.adicating that
flow within the thru- ,amber expands
from an electromagnet! ally-pumped plasma
layer extending ¢ « -_ream of the cathode
base (ys a pumped ,et off the cathode
tip). The significant variation of inter-
nal flow dynawnics with mass injector
arrangement impllies the need for exten-
sive experimentally-validated code
modelina in order to evaluate the
potential performance of MPD thrusters.

ANTRODUCTION

For the last twenty-five years,
there has been continued interest in the
so~called magnetoplasmadynamic (MPD)
arcjet. Operation of an arcjet in the MPD
mode was discovered by A. Ducati in the
course of research on arcjet performance

in which he lowered the input mass flow
rate to the thrust chamber, and found
that a relatively benign_discharge con-
dition could be achievedl. Rather than
leading to higher chamber temperatures,
with increased erosion of the electrodes,
the reduction in mass flow rate provided
increased lifetime, higher specitic
impulse, and (for hydrogen, at least)
higher efficlency. These improvements
were accomplished in a device that
retained the simplicity of conventional
arcjets in regard to construction, parts-
count, and power supply requirements.
Subsequent studies extended operation to
propellants other than hydrogen, and
included various arrangements of auxil-

Copyright © 1990 American Institute of Aeronautics and
Astronsutics, tnc. AN rights reserved.

{ary naqne%lg fields, and electrode
geometries<~°. MPD arcjet became an
appellation for devices ranging from
steady conventional arcjets (operating at
higher currents and/or lower mass flow
rates than thermal arcjets), pulsed high
current discharges (descended from
plasma-pinch engines), and crgssed-tield
Hall accelerator arrangements’. Along
with the broadening of the MPD arcjet
category (which at best might recognize a
commonality of physical mechanisms or
concerns) came a profusion of theoretical
models and experimental data, which were
often consistent within individual
devices, but in conflict when applied
across the entire class of thrusters. The
difficulty of probing within the small
(~few mm) chamber dimensions of steady-
state devices, and the need to identify
thruster arrangements/regimes with
attractive performance values has
involved a concentration on terminal
measurements, such as current, voltage,
and thrust. Detailed diagnosis of the
structure of the discharge and flow
within the thrust chamber has been
attempted only in the higher power
(~megawattl quasi-steady laboratory
devices8~14, and even then, only for a
limited range of operating conditions.

The particular difficulties with
understanding MPD arcjet performance in
terms of the actual thrust and energy
transfer mechanisms within the arcjet
chamber have been two-fold: an inability

to monltor experimentally changes in flow
structure with variation in terminal
conditions; and an inability to model ac-
curately the two-dimensional, electromag-
netically-powered discharge flow. The
present paper discusses progress in over-
coming these difficulties in terms of a
new spectroscopic technique for obtaining
thrust chamber flow conditions, and the
application of a two-dimensional MHD code
developed oriqinallx for pulsed, coaxial
plasma gun modelingiS.

EXPERIMENTAL APPARATUS

Expeximental Technigue and Equipment

At the R & D Associates Washington
Research Laboratory, the experimental
facility for study of MPD arcjets uses a
stainless steel vacuum tank, 6.0 m long
and 0.61 m inside diam, as a vacuunm
plenum for quasi-steady arcjet operation.
Attached to the upstream end of this tank
are dlagnostic sections with 35.6 cm diam
ports for optically-clear views through
the test section, including chordal
access through the arcjet anode. Use of a
separate diffusion pump (2000 1/s) at
each end of the vacuum plenum establishes
an inltiaé background pressure of about
1.5 % 10°° torr. The basic layout {s
shown schematically in Fig 1.

Two MPD arcjets, differing only in
mass injector configuration, have been
used for the study of i{nternal flow




dynamics: 1} all mass flow through ori-
fices at mid-radlus, as shown in Fig 2b;
and 2) half the mass flow through ori-
fices at mid-redius (with more open
transition to the thrust chamber), and
the remainder of the mass flow through
orifices opening to a circular groove
surrounding the cathode base. The latter
arrangement (shown in Fig Jb) was
prompted by the apparent deposition of
cathode material on ths boron-nitride
insulator after extensive usa of wmid-
radius-only injection. Both arcjet con-
figurations have a brass outer anode, and
a copper-tungsten alloy cathode. The
inter-electrode gap is 23 mm, and the
channel length is 50 mm. For the present
experiments, the mass {nput is a mixture
of argon with 1.5V hydrogen, fed through
s{x, optically-triggered tast puff
valves, connected by a common reservoir
to a plurality of choked orifices in the
boron-nitride backplate. The fast puf?
valves have a risetime of approximately

4 ms to 90% of peak flow. The total input
mass flow rate for both confsgurations in
these experiments is 6 x 1077 kg/s.

The discharge ls powered by a 400 kJ
capaclitor bank connected as an 1LC-ladder
transmission line. At an initial voltage
of 18 kV, approximately 45 kA can be de-
livered to the experiment, with a pulse-
width (FWHM) of 0.88 ms; a simple change
in connection can provide 90 kA for
0.44 ms. Voltage and current measurements
are recorded with digital data acquisi-
tion equipment, and analyzed using a
dedicated data processing computer in a
screened-enclosure adjacent to the
experimental aresa.

Arcijet Operating Characteristics

Typical records of discharge current
and terminal voltage (uncorrected for
initial and final inductive transients)
are displayed in Figs 4a and 4b, for an
initial capacitor voltage_of 8 kV, and a
mass flow rate of 6 x 1073 kg/s. Quasi-
steady operation, as indicated by these
measurements, is obtained after about
0.15 ms, and persists for about 0,55 ms,
with a discharge current plateau of
approximately 21 kA, and a terminal
voltage of 48 v. The terminal voltage is
monitored using a 1000:1 voltage (divi~
der) probe, connected to the screen room
by means of an optical data link. The
high frequency oscillations on the ter-
minal voltage are primarily a consequence
of the optical data 1ink receiver, and do
not necessarily represent voltage fluc-
tuations at the arcjet.

Spectroscopic System

The input power to the arcjet, based
on the terminal electrical measurements,
is about 1 Mw, which is similar to high
power, quasi-steady MPD arcjet operation

studied by other groups for many
YGGIBS,a,XZ,EQ_ Bgsedpon such studies, {t
is reasonsble to expect a_priori that
plasma flow speeds on the order of

10 m/8 will exist within the present
arcjets. Such speeds would provide Dop-
pleg shifts (and/or widths) of u/c ~ 3 x
1077, corresponding to 0.014 nm for the
Ar II line at 434.8 nm. For sufficient
dispersion by a spectrograph, in combi-
nation with electronic amplification ot
the resulting reduced light intensity,
non-intrusive measurement of heavy-
particle speeds should be possible. Fur-
thermore, entire sections of the arcjet
flow field could be sampled on a single
shot by employing a two-dimensional
detector array.

For such spectroscopic analysis, a
digital spectral and spatjal data acqui-
sition system has been developed at the
RDA Washington Research Laboratory in a
cooperative program with a group under
Martinez-Sanchez at the Massachusetts
Institute of Technologyl?, The system,
displayed schematically in Fig 1, com-
prises a 1.2 meter, f/11.5 spectrograph
with an EG&G/PARC silicon intensified
optical multichannel analyzer (OMA-SIT
camera). The OMA-SIT is a two-dimensional
(500 x 500) sensor array that can be
gated on and off with a pulsgewidth down
to 40 ns. The spectroscopic system with
input optics is mounted on an optical
bench adjacent to the thruster and vacuum
tank.

In order to observe the flow within
the MPD thrust chamber, a set of four
slits, 1.4 mm wide, were machined in the
outer conductor, symmetrically on a
circle in a plane normal to the thruster
axis, 22.7 mm from the chamber side of
the boron-nitride insulator. By aligning
the spectrograph slit perpendicular to
the chamber axis of symmetry, simultane-
ous chordal views can be sampled (verti-
cally) by the sensor array, while the
light accumulated along any chordal view
1s dispersed spectrally (in the horizon-
tal direction). Software then allows the
two-dimensional array of light intensity
values measured by the sensors to be dis-
played and manipulated as a function of

wavelength and position of the chordal
view.

The spectral and spatial output from
the camera is processed by an IBM System
9000 laboratory computer for immediate
background subtraction and signal averag-
ing. Data acquisition comprises 62.5%
kbytes of wavelength/position/intensity
values. Software allows correction for
systematic errors and noise, prior to
attempting to analyze spectral charac-
teristics, such as line shape. The
present data collection configuration
provides a wavelength resolution of
0.0011) nm/pixel in 3rd order at 434.8
nm, with a spatial resolution at the
experiment of 9.25 mm/pixel.




EXPERIMENTAL RESULTS
Inter-Electrode Current Distribution

Magnetic probes (pick-up colls
integrating the local rate of change of
magnetic field) are inserted in the MPD
thrust chamber to delineate the discharge
structure. Two magnetic probes at differ-
ent positions are used simultaneously in
order to provide a general correlation of
measurements while mapping the current
distribution over a large number of
shots. Both probes use 1.2 mm (effective)
diam coils, encased {n Imm diam Pyrex
tubes. The probes are mounted on an
externally-controlled, xy-translator that
provides a positioning accuracy of -0.2
mm. Current contours developed over
repeated test firings are displayed for
the two arcjet configurations in Pigs 2a
and Ja, respectively. Note that in the
case of mass Injection only at mid-
radius, there appears to be a persistent
inflection in the current contours at
mid-radius. Such inflection is not ap-
parent in the second configuration, in
which half the mass flow is introduced
near the cathode base, and a more open
transition to the thrust chamber is pro-
vided from *he orifices at mid-radius.
Also, on average, the current streamlines
near the cathode are less axially direc-
ted in the case of mass injection at the
cathode base. Furthermore, the discharge
current flows almost entirely within the
thrust chamber with mass injection only
at mid-radius, while a significant frac-
tion of the discharge extends beyond the
chamber exit plane for the second injec-
tor arrangement. It is useful to keep in
mind that these two arcjets are operating
with the sape terminal values of current,
input mass flow, and voltage.

The first set of spectroscopic
studies were performed under the assump-
tion that the flow within the thrust
chamber is essentially axial. If this is
true everywhere along a chordal view,
then standard Abel inversion techniques
may be applied to obtain the heavy-
particle temperature as a function of
radius from spectral data recorded as a
function of chordal position. The Abel
inversion technique (developed by Keefer,
et al) employed in the present experi-
mentg utilizes a Fourler transform

thog, d i
g:tafg'la? is effective with noisy

Time-integrated line profile
measurements are made through the slit in
the anode for the case of mid-radius-only
injection. Both the Arll ¢34.8 nm line
and the 696.28 nm line of H,.are analyzed
in detail. With the system resolution, 94
radial data points are taken per dis-
charge. The Ar II emission is recorded
with the spectrograph in second order.
The system resolution was 0.002216 nm,
with a measured instrument profile that

was Gaussian with a FWHM of 0.01262 nm
(+/-)0.0004% nm. The observed signal,
which is an integral along the chord of
observation, i{s spatially filtered, and
also filtered with respect to wavelength
(with a low frequency bandpass whose
cutoff frequencies are determined by the
allowable spectral frequencies from the
instrument protile). The signal is then
Abel-inverted at each observed wavelength
to obtain the emission coefficient of the
plasma as a function of radius. The
resulting line emission profile at each
radius is least-squares fitted with a
Gaussian distribution in order to deter-
mine the heavy-particle temperature as a
function of radius. Figure 5 shows the
relative intensity of the (integrated) Ar
II line as a function of radius, based on
Abel inversion of chordal data. The line
profile (at a position 13.6 mm from the
cathode) is displayed in Fig 6, along
with a fit to a Gaussian profile.

The same process of flltering the
raw data, and then Abel {inverting to
obtain the emission as a function of
wavelength and radius 1s applied to the
Hoc 1ine at 696.28 nm. The emission pro-
file is expected to be a combinaticn of
Gaussian and lorentzian proflles (Voigt
profile). A deconvolution technique using
inverse Fourler transforms is employed to
separate these two component pro-
filesl8. Within 10 mm of the anode
surface, fitting the Lorentzian component
of the ling p53file in terms of stark
broadening<¢9~ indicates electron densi-
ties of 1.5 - ¢ x 1015 cm™3. For radial
positions more than 10 mm from the anode
surface, no Lorentzian component could be
extracted, suggesting that fge elgctron
densities are less than ~10 cm™’ , at
the particular axial station examined
here.

The Gaussian component of the
deconvolved hydrogen emission profile
indicates a heavy-particle temperature of
~0.5 eV, whereas a fit to the Ar I1
profile at the same position suggests an
argon lon temperature of 13.6 eV. Fos
particle densities of about 1015 cm™d,
and a temperature of the lighter hydrogen
{"field") particle gf 1 eV, the energy
equipartitfon time based on classical
Coulomb colliilons is less than 50 ns. At
a speed of 10% m/s, hydrogen and argon
iongs would have the opportunity to
achieve the same temperature in distances
of less than 0.5 mm, which is less than
the streamwise size of the emitting
region sampled. The substantiel disagree-
ment between the two estimates of heavy-
particle temperature suggests that a
significant discrepancy might exist {n
applying conventional spectroscopic
analysis to the flow within the MPD
thruster (and possibly to other similar
situvations as well). In particular, the
initial simplification of strictly axial
flow can be inappropriate even though the
solid boundaries channeling the flow are
stialght and parallel to the thruster
axis.




NMew Technigue for Measurement of Speed,
Turbulenge, and Temperatura

The distribution of light intensity
accumulated along chordal views of an
axisymmetric, optically-thin radiator is
usually converted to an emission inten-
sity per unit volume as a function of
cylindrical rauius by means of the Abel
inversion. It is necessary in performing
this inversion that, for each volume
element sampled along the chord, the
radiation is emitted isoftropically (at
least in the plane normal to the cylin-
drical axis) in each wavelength of
interest. This condition is satisfied for
radiators in random thermal motion, and
also for turbulent motion of the radia-
ting fluid, to the extent that, for each
radiating element, there is zero net
velocity along the chordal view, averaged
over both the spatial and time scales of
the measurement. If there is a net
chordal component of flow velocity, in
space and/or time, then the standard
application of the Abel inversion can
lead to erroneous res' lts. Chordal views
across an axl{symmpetric flow {n which net
local radial velocities are significant
compared to the random thermal (or local
turbulent) speed of the radiators can
include Doppler ghifts symmetrically
about the natural line center. These
shifts might then be incorrectly included
as Doppler broadening in the course of
titting a Gaussian profile to the line
shape.

Figure 7 schematically depicts the
components of the line shapes obtained by
two different chordal views of radiating
elements at the same radial position in
an axisymmetric flow. If there are velo-
city components along the chordal view
due to a symmetrical, radial motion of
the fluid at speed v., then the volume
emission coefficient as a function of
chordal position (defined by the angle 8)
will include additions and subtractions
to the random speed (due to thermal and
local turbulent motions):

v, sin
At

e(rA) - _f.(_'l__cxp -

Vr &p A p

where €(r) is the emission coefficient
integrated over all wavelengths, A\ is the
wavelength relative to the natural line
center A, and the Doppler width, AL, is
given in terms of a mean turbulent speed
<v>¢r, and a mean thermal speed based on
the focal temperature T, and Shs mggecu-
lar mass of the radiator, m 22,24, :

A A Izv(r
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The total emission coefficient as a
function of radius is found by first
integrating the intensity over the line
shape at each chordal view, to obtain a
quantity that is independent of the angle
between the chord and the radial flow,
and then Abel inverting this axisymmetric
quantity.

For a particular radiating specie,
the effects of random motion are separ-
ated from the Doppler shifts due to net
radial velocity by the following pro-
cedure. The axisymmetric radiating flow
is considered as a set of coaxial shells,
each characterized by a net radial flow
speed, a random speed, and an emission
coefficlent. At the outermost shell, the
line shape is essentially due to Doppler
broadening, (since the flow velocity has
a negligible component with respect to
the chordal view), so the random speed
for thls shell can be computed., The
chordal view of the next inner shell has
contributions due to the outer shell,
with symmetric Doppler shifts associated
with the radial speed of this shell, and
a contribution due to the inner shell
that is only Doppler broadened, (since
the chordal view is again at grazing
incldence). A two-parameter, least-~
squares fit Is made to the measurement at
this chord, using two symmetrically dis-
placed Gaussians of unknown shift, but
known amplitude and width (based on the
previous shell measurement), and an un-
shifted Gaussian of known amplitude, but
unknown width. The resulting best-fit
parameter values provide the net radial
speed of the previous shell, and the
randon speed of the present shell. With
these values, the procedure can then be
continued to the inner shells, at each
stage obtaining the random speed of a
particular shell, and the radial speed of
the previous one.

Figure 8 displays the distribution
of radial speed yg radial distance from
the cathode, based on the above pro-
cedure, for the case of mid-radius-only
injection. The radial speed appears to
decrease as the axlally-aligned electrode
boundaries are approached, as expected,
but s maximum radial speed comparable to
anticipated axial speeds {s also indi-
cated within the straight-walled flow
channel. By applying the unfolding pro-
cedure both to argon and hydrogen lines,
and assuming that these two species have
the same temperature and fluid speeds
(directed and turbulent), it {s possible
to differentiate between thermal and
turbulent contributions to the random
speed. In Fig 9, the resulting distri-
butions of heavy-particle temperature,
and (in-plane) turbulent speed, averaged
over the duration of the quasi-steady
flow, are shown ys radial distance from
the cathode. Temperature and turbulence
are both seen to increase fiom anode to
cathode, at least at the particular axjal
station of the measurement (22.7 mm from

R
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the {nsulator}, with the turbulent speed
achieving its highest value adjacent to
the cathode surface.

The corresponding distributions of
radial speed, temperature, and turbulent
speed for the second arcjet configuration
(S50% nass flow at the cathode base), dis-
played in Figs 10 and 11, have signifi-
cantly lower amplitudes at most radial
locations, suggesting that this mass flow
arrangement provides more uniform axial
direction of the flow, (at least at this
axial position). The heavy-particle
temperature appears to increase rapidly
toward the anode yg the cathode In this
configuration, however, so further varla-
tion of mass injection design wight be
usefully explored. (Observation of the
reduced line width is accomplished by
operating the spectrograph in third
order, providing a wavelength resolution
of 0.00113 nm/pixel, and by reducing the
measured Instrumen: profile FWHM to
0.0043 nm (+/-)0.00012 nm.)

MHD_CODE RESULTS

In ad’'ition to the experimental
effort, a short serles of numerical code
simulations of the MPD thrust chamber
flow have been performed to provide some
initial indication of flow field behav-
ior, and also to evaluate the abigity of
the existing MACH2 cc-~puter code to
handle MPD arcjet problems. The code has
been developed ovar the last several
years, primarily to assist in the analy-
sis and design of very high power, pulsed
coaxial plasma guns<®, and, more recent-
ly, coaxial plasma accelerators involving
applied axial magnetic fields, (in parti-
cular, compact toroid plasma/magnetic
field systems). MACH2 i{s presently a two-
dimensional (plus axisymmetric ictation),
single-fluid MHD code. It is based on an
adaptive Lagranglan-Eulerian formulation,
and is readily configured for complex
(axisymmetric) channel boundaries. The
equation of state options presently
available are both single-temperature,
(perfect gas, or tabular data for a wide
variety of materials). Thermal and mag-
netic diffusion, radiative emission, and
Hall effect are all included. For low
density, high current discharges, anoma-
lous electrical resistivity is modeled
based on micro-instability theory.

Figures 12 - 15 display results from
the MACH2 code for conditions resembling
those of the experimental tests, in terms
of electrode dimensions, total current,
and total mass flow rate. Tor simplicity
in the limited effort avaiiable, the mass
flow is injected uniformly through the
insulator backplate, and the cathode is
truncated sharply at the anode exit
plane. The current contours shown in Fig
12 resemble those for the first arcjet
(mid-radius-only injection) in regard to
the r tention of current flow within the
thrust chamber. With uniform mass .
injection, there is no indication in the

coda results of an {nflection of the
current streamlines at mid-radius.

At an axial position corresponding
to the measurement station of the spec-
troscopic studies, the single-temperature
code computes a temperature that rises
from about 1.4 to 2.8 eV in traversing
from the anode to the cathode. While
these values are significantly higher
than estimates from spectroscopic study
of the first arcjet configuration, the
increase in temperature toward the
cathode {s similar. A decrease in par-
ticle densi}g, viSh density values in the
range of 10> cm™-, radially inward from
the anode is alsoc {mplied by both the
code and the earlier Stark broadening
data. The veloclity vectors shown in Fig
15 have maximum computed vaiues of }.5 x
104 m/s, for very low density flow in the
thruster exhaust. Within the thrust
chamber itself‘ maximum total speeds are
about 2.4 x 10% m/s, {in the low density
flow approximately one-third of the
inter-electrode gap from the cathode
surface. The calculated flow field within
the thrust chamber has the appearance of
plasma expanding from a relatively high
pressure region near the cathode base,
while constrained to curve axially
downstream under the {nfluence of the
electromagnetic forces in the discharge.
At the measurement station, this flow
field would exhibit a maximum radial
speed at abcut 6.4 mm from the cathode
surface, in good agreement with the
experimentally-derived distribution. (The
code calculations, however, indicate a
radial speed at this position of about S
x 102 m/s, which is less than half of the
spectroscopic result.) Close comparison
of computational and experimental results
would require more extensive modeling,
and measurements at additional axial sta-
tions, in order to discern differences
that are due only to variances in exact
geometry or location. A moderate amount
of further code development would also be
useful to allow for nonequilibrium condi-

‘tions, (e.g., electron yg heavy-particle

temperature), and electrode boundary
effects.

CONCLUDING REMARKS

The present experimental and compu-
tational efforts indicate that signifi-
cant varlations of flow dynamics within
an MPD arcjet thrust chamber are avail-
able simply by altering the mass flow
injection arrangement, with the terminal
properties of the arcjet held fixed. It
is expected that variation of current or
mass flow delivered to an arcjet with a
fixed injector arrangement and channel
geometry will, likewise, substantially
change the internal flow. Even apart from
uncertainties in behavior due to changes
in electrode operation with flow condi-
tions, the basic flow within the MPD
thrust chamber may not yet be well under-
stood, (let alone controlled). The
present code results, for example,




suggest a rather unconventional picture
of the MPD thruster flow, in which the
so-called "pumping” mode, normally
assoclated with the formation of a plasma
jet off the cathode tip, is actually
established along the length of the
cathode surface. (This was previously
noted in Ref. 8). The high pressure
usually thought to be exerted at the
cathode tip is {nstead supported by the
axial electromagnetic force ("blowingt
mode) and kinetic pressure gradient near
the cathode base. (It i{s almost certainly
true that not every MPD arcjet will oper-
ate in this fashion, under all conditions
of current and mass flow rate.)

Since thruster performance, in
terms of lifetime and efficiency, should
be expected to vary significantly with
variations {n the flow field, and inter-
actlons of the flow with boundaries,
evaluation of the potential of MPD arc-
jets for space missions cannot be reason-
ably based on empirical surveys of ter-
minal properties for a limited number of
devices. Instead, computational tools,
validated by close comparison with
experimentally-determined flow flelds in
at least a few representative thruster
arrangements, must be employed to select
and optimize candidates for further
experimental development. The present
paper demonstrates both experimental and
computational techniques that can be used
to accomplish a consistent and valid
exzmination of MPD arcjet behavior, but
much more work remains to be done.
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